The ultra-short electron beams, produced through the velocity bunching compression technique at the SPARC_LAB test Facility (Frascati, Italy), are used to produce Coherent Transition Radiation in the terahertz (THz) range. This paper reports on the main features of this THz source, which have a spectral coverage up to 5 THz, a pulse duration down to 100 fs, and an energy per pulse on the order of tens of µJ. These figures of merits open the possibility to apply this source for nonlinear and THz pump-probe experiments in Solid-State Physics and material science.
Introduction
Terahertz radiation (30 GHz-15 THz, 20-1000 µm; 1-60 meV) is a portion of the electromagnetic (e.m.) spectrum, which lies in the gap between Microwave and Infrared. THz-based technologies and research applications have seen a rapid increment in the last years due to the development of new radiation sources based both on femtosecond lasers and sub-picosecond electron bunches [1, 2] .
Intense single cycle pulses are increasingly used to explore the nonlinear light-matter interaction at THz frequency spanning from a coherent control of quantum states to induce and externally modify chemical and/or biological processes [3, 4] . Recently, laser-based sources have reached pulse energies on the level of tens of µJ by optical rectification of mJ laser pulses [2, 5, 6] . However, photon down-conversion process suffers of limitations to generate high power THz pulses, like the damage threshold of the nonlinear crystals and saturation conversion efficiency. Accelerator-based sources may provide instead a viable way to produce highly intense THz pulses without the limitations of optical conversion processes.
At the SPARC_LAB test facility [7] , highly intense broadband THz radiation is routinely produced as Coherent Transition Radiation (CTR) emitted by ultra-short (∼100 fs) high-brightness electron bunches [8] . These bunches are produced through the velocity bunching compression technique [9] [10] [11] . The main feature of this source relies on the possibility of generating an e.m. spectrum in the THz range of different bandwidth, centered at different frequencies spanning from 0.5 up to 5 THz, by simply acting on laser pulse shaping and longitudinal phase space manipulation techniques. This method makes the SPARC_LAB THz source flexible, allowing both broadband and narroband THz generation, taking advantage from the laser comb technique integrated in the velocity bunching regime [12] . This versatility is not possible in both undulator-based and dielectric waveguide THz sources [13, 14] , where the broadband emission cannot be achieved. In addition, unlike other ways of bunch train generation, for instance chirped-pulse beating [15] and dispersive mask techniques [16] , the laser comb scheme permits a full control of both the temporal bunch inter-distance and the amplitude pulse shape. In particular, a custom train of more than 100 pC charge/bunch can be generated at the cathode and transported with no losses up to the THz station. Therefore, in case of a 4 bunches train with 100 pC/bunch, the THz radiation energy per pulse would be equivalent to that generated by a 400 pC single bunch. So, our laser technique allows to control the laser pulse amplitude, i.e., bunch charge, and the temporal delay of each pulse with respect to the other directly at the cathode, resulting in a customized THz emission spectrum.
In this paper, we will resume the main results achieved at SPARC_LAB in the generation of CTR-THz radiation, due to the peculiar possibility of longitudinally manipulating ultra-short (sub-ps) high-brightness electron beams.
The measured THz figures of merit render the SPARC_LAB source one of the most performant sources worldwide for nonlinear and pump-probe THz spectroscopy. From this point of view, the opportunity of proper tailoring the THz spectral shape by the bunch train is very compelling because it would allow to selectively pump excitations in a condensed matter systems [17, 18] . Furthermore, we show that the characterization of coherent THz radiation spectrum is a valid and useful tool for longitudinal diagnostics of exotic sub-ps electron beams in new Free-Electron Laser sources [19] and for future plasma accelerated femtosecond scale, pC electron bunches [20] .
Theoretical Background
The fundamental mechanism of emission considered here is the Transition Radiation (TR) effect as generated when a relativistic charged particle crosses the boundary between two media of different dielectric properties, e.g., a vacuum-metal screen interface [21] . TR originates from the time varying currents induced, on the target surface, by the electromagnetic field of the traveling charges, due to optical inhomogeneities in the space. Assuming a perfectly conducting flat screen with rectangular h × l dimensions, the spectral and spatial intensity distribution from a single electron d 2 I sp dωdΩ is well described by the virtual-photon method [22] :
where E x(y) is the horizontal (vertical) components of the emitted field:
with α = ω βcγ , R is the distance between the center of screen and the observation point, while k x and k y are the projections of the light wavevector k on the x-y plane.
When considering a bunch of spatially distributed N charged particles, each particle emits TR on the screen with the same intensity, while the relative phase difference depends on the position within the bunch and on the radiation emission direction. The total emitted intensity can be written as
where F(ω) is the longitudinal form factor of the bunch which is the squared of Fourier transform of the longitudinal charge distribution. The total emitted energy
dωdΩ shows two different regimes: (i) at wavelengths λ = 2πc/ω smaller than the longitudinal electron bunch size, typically tens or few hundreds of microns, F(λ) tends to 0 and the spectrum is dominated by incoherent emission (whose intensity is proportional to the number of particles N in the bunch); (ii) at longer wavelengths, with respect to the bunch length, emission starts to be coherent (corresponding to an intensity proportional to N 2 ) because each electron emits in phase and the amplitudes add constructively: F(λ) tends to 1. For sub-ps electron beams the coherent regime occurs at THz range. From this point of view, the N 2 dependency of coherent radiation results in a huge intensity gain with respect to most existing THz sources.
For a single gaussian-shaped electron beam, shown in Figure 1a , the calculated spectrum combining Equations (2) and (3) is depicted in Figure 1b by a dotted red line. As one can observe, a single electron bunch with a 100 fs (RMS) pulse duration generates a broadband THz spectrum up to 6 THz. However, the emitted spectrum suffers of a low frequency cut-off due to finite screen dimension [22] , which occurs when natural extent of the particle field γλ/2π exceeds the screen size. In particular, as observed in Figure 1b , for a 30 × 30 mm the low frequency cut-off is around 0.3 THz. The bunch length is 100 fs, while the comb inter-distance is 1 ps equal to a repetition rate of 1 THz; (b) Corresponding generated spectra. Inset: spectra generated in logarithmic scale.
If a longitudinally modulated electron beam, called comb beam, with THz repetition rate is transported to the TR screen, narrowband emission occurs at discrete frequencies multiple to the inverse of the pulse train inter-distance. For example, the spectrum of a five-comb bunches with 1 THz repetition rate, as that shown in Figure 1a , has a comb shape in which peaks have an interdistance of 1 THz and whose intensity envelope is the same as if all the electrons were confined in the single sub-pulse.
The spectrum generated by a uniform bunch train shows also a set of secondary peaks, whose intensity in the calculated case (bunch duration of 100 fs and comb repetition rate 1 THz) is ∼5% respect to the intensity of the main peaks. This effect could reduce the visibility of main narrow peaks.
A possibility to increase the visibility of the main peaks consists of giving a charge modulation to the bunches, for example a ramp comb beam, as shown in Figure 1a by a blue line. Indeed, the spectrum generated by a ramp comb train shows a reduction of the background modulation of about a factor of 50 with respect to the one generated by a balanced train of bunches, as shown in the inset of Figure 1b. 
THz Source Experimental Layout
The SPARC_LAB photoinjector (INFN-LNF, Frascati, Italy), which consists in a RF Gun and 3 S-Band travelling wave accelerating sections, is able to provide high brightness electron beams boosted up to 170 MeV at 10 Hz repetition rate. A schematic layout is shown in Figure 2a . Ultra-short electron bunches, mandatory for the generation of broadband high intense THz pulses, are generated at SPARC_LAB through RF compression in the so-called velocity bunching (VB) regime. The electron beam is injected in the first accelerating section at the zero crossing RF field phase. Since the beam is slightly slower than the phase velocity of the RF wave, a longitudinal phase space rotation occurs, based on a time-velocity chirp in the electron bunch, for which electrons in the tail are faster than those in the bunch head. As consequence, the electron beam slips back to phases where the field is accelerating, but it is simultaneously chirped and compressed. The so generated ultra-short, ∼100 fs, and highly charged, up to ∼600 pC, electron bunches reach the THz station placed at the end of the linac, as reported in Figure 2a . A diagnostic transfer line, right after the THz station, and equipped with a RF deflecting cavity (RFD), quadrupoles and a dipole magnet, allows a full 6D characterization of the electron beam. Figure 2b reports sketch of the THz source chamber. In our case, TR is produced on a 30 × 30 mm aluminum coated silicon plate placed at 45 • with respect to the electron beam direction, which both generates radiation and reflects it out from the beamline. The backward-generated radiation, passing through a quartz window, is collected and collimated by a 90 • off-axis parabolic mirror with a focal length of 152 mm (Edmund Optics, Barrington, NJ, USA) and carried to the experimental table by a flat mirror. The coherent radiation spectrum is measured using a hand-built Michelson interferometer with a 24 µm Mylar pellicle beamsplitter coupled with a room-temperature pyroelectric detector. The transverse spatial distribution of CTR has been observed by means of a THz camera (Spiricon Camera III, Ophir, North Logan, UT, USA) placed in the focal plane of an off axis parabolic mirror (APM2) with a focal length of 50 mm (Edmund Optics, Barrington, NJ, USA). The THz total energy per pulse was measured by a second pyroelectric detector (THz-I-BNC, GENTEC-EO, Suite Quebec, Canada) with a sensitivity calibrated with 970 GHz through a Schottky Diode (Virginia Diodes Inc, Charlottesville, VA, USA) emitting a power of 1 mW. THz filters (0.3, 0.5, 1, 3 and 5 THz) , with approximately a 15% bandwidth, have been used to select different frequencies.
Narrow spectral bandwidth and tunable THz radiation can be produced by a train of sub-ps electron bunches. An active method for tailoring an adjustable train of electron bunches with a sub-picosecond length and picosecond spacing has been demonstrated at the SPARC_LAB test facility [12, 23] , combining the velocity bunching regime, and properly shaped trains of UV laser pulses hitting the photocathode (comb laser beam).
The technique used to generate laser comb pulses relies on a birefringent crystal, where the input pulse is decomposed in two orthogonally polarized pulses with a time separation proportional to the crystal length. If more birefringent crystals are inserted in the laser beam path, it is possible to produce multi-peaks. A comb laser pulse illuminating a metallic photocathode in a RF gun generates a train of short electron bunches. Downstream the photoinjector, the beam acquires an energy modulation because of the space charge forces and, if injected in a RF-compressor operating in the over-compression regime, the energy modulation can be transformed back into a density modulation. The train parameters, i.e., bunch charge, length, and inter-distance, can be completely controlled by proper adjustment of both laser and linac settings [24] . As a train of sub-ps relativistic electron bunches crosses an aluminum screen, see Figure 2b , coherent THz radiation is generated and its spectrum results in a series of narrow pulses whose THz central frequency and bandwidth depend on the bunches inter-distance and width.
Results and Discussion

Broadband Generation
A broadband THz radiation spectrum has been obtained by sub-ps single bunches. In particular the Figure 3a shows the CTR spectrum for a 500 pC, 180 fs electron beam measured sampling with different band pass filters. As previously discussed, the drop below 0.3 THz is due to the effect of finite screen size combined with the fall of responsivity of pyroelectric detector. At high frequency instead the longitudinal extension of the bunch limits the generation just above 5 THz. The integrated energy per pulse reaches up to 35 µJ measured by pyroelectric detector. The Figure 3b shows the CTR spatial distribution at the corresponding frequencies, as collected and focalized by APM2. As one can see, generated CTR shows the peculiar anular distribution of radially polarized light. The spot size strongly reduces increasing the frequency due to the reduction of the source size, whose radius depends on the wavelength. In particular at 1 THz the FWHM diameter is ∼1.5 mm that correspond to a THz fluence of ∼1 mJ/cm 2 .
As one observes from Equation (3), the emitted THz energy depends on the square of the bunch charge Q. Figure 4 shows the measured CTR spectra for different bunch charges, keeping the bunch length constant, as indicated by the high frequency cut-off. The detector response, the z-cut quartz window transmission and the single particle TR spectrum for a finite size target have been taken into account to retrieve the CTR spectra depicted in Figure 4 . The generated THz energy is consistent with a quadratic Q 2 dependence as reported in the inset of Figure 4 . Figure 4 shows also the capability of our detecting system to measure very low charge beams, few tens of pC and less when the air-drying system is turned off. By decreasing the charge of a factor ∼45 (from 500 pC down to 11 pC), the measured pulse energy reduced from 40 µJ to 20 nJ. The low frequency components (below 0.7 THz) are not shown in Figure 4 because they are strongly affected the transmission function of Michelson interferometer (in particular Fabry-Perot interferences in Mylar BS), both diffraction limited size and drop of efficiency of pyroelectric detector. For this, such effects in particular in the low THz frequency region are difficult to evaluate and compensate. The curve for the highest bunch charge (500 pC) has been scaled by a factor of 100. Experimental data (blue dots), Q 2 dependence (red line). The integrated THz intensities per pulse shown in the inset are affected by a systematic uncertainty due to the missing calibration of the THz-I-BNC GENTEC-EO pyroelectric detector at low frequencies (below 0.6 THz).
Spectral-Shaped THz Generation
High charged trains of sub-ps bunches with THz repetition rate have been successfully manipulated and transported down to the linac exit to reach the THz station.
We report the characterization of THz spectral shapes generated from different configurations of 5-bunch trains, in particular the inter-distance and the bunch charge balanced by UV laser shaping.
The first studied bunch consists of a four bunches beam, each with a mean charge of ∼50 pC and an inter-distance of 1 ps. This train is followed by a further bunch with charge of ∼20 pC, which has an inter-distance of 1.6 ps from the fourth. The longitudinal phase space (time-energy) was measured by combining the RFD and the dipole spectrometer. The average energy of the whole train is ∼110 MeV with an energy spread of 0.2%. The bunch train current is reported in the inset of the Figure 5 , where each bunch in the train has been labeled (1-5), while the measured beam parameters are reported in Table 1 . The generated spectral distribution measured by means of a Michelson interferometer is reported in Figure 5a . As previously discussed, respect to a gaussian-like shape emitted by a single bunch, a comb-like beam generates a peaked THz spectrum.
The central frequency of the main peaks corresponds to the inverse of the inter-distance between the bunches: the 1 THz peak is related to the mean inter-distance of ∼1 ps of the first 3 bunches, while the low frequency peak at 0.6 THz is due to the inter-distance of 1.6 ps between the last two bunches. The remaining components of the high frequency in the spectrum result from the harmonics properly enveloped by the single bunch spectrum as observed in Figure 1 . Figure 5b shows the expected, calculated THz spectral emission for the measured bunch train distribution reported in the inset of Figure 5a . As one observes, the spectral calculation reproduces well the measured one.
The reduction of the inter-distance between the bunches leads to a displacement of the THz spectrum towards high frequencies, as one can see in Figure 6a . The considered bunch train is approximately identical to the previous one, as shown by the beam parameters in Table 1 , but the inter-distance between the last two bunches is reduced from 1.6 ps to 0.5 ps. A narrower peak emerges in the measured THz spectrum at about 2 THz decreasing the contribution at 0.6 THz as shown by green arrows in Figure 6a . While the remaining part of the spectrum results exactly unchanged.
Also the numerical calculation of the generated spectrum, blue line in Figure 1 , evaluated from measured current profile shows the rise of a narrow peak around 2 THz while the contribution at 0.6 THz decreases.
In order to investigate the production of narrow-band THz radiation, a train of four bunches with a ramp of charge has been generated directly at the cathode. The resulting electron bunch train, as measured at the end of the linac, is shown in the inset of Figure 7 , while beam parameters are reported in Table 1 (third column). The generated THz spectrum, shown in Figure 7a by the red curves, has a narrow peak centered at 0.65 THz with a 20% of bandwidth respect to uniform comb beam. . Narrowband generation from a ramped comb beam: (a) Measured THz spectrum (red line), compared to that generated from uniform beam (black dotted line); (b) Calculated THz spectrum from measured current distributions report in the inset: ramped (blue curve) and uniform (black dotted curve). Inset: measured ramped current distribution compared to the uniform one (red dotted line) previously discussed.
Figures of Merit
THz generation can be tuned by fully controlling the accelerators parameters and UV laser shape. Single sub-ps electron bunch generated by UV single pulse is used to generate highly intense and broadband THz radiation by means of RF compression (velocity bunching). Properly shaping the UV laser longitudinal distribution the THz spectral shape can be controlled, in particular a properly shaped bunch train can be used to drive narrowband THz radiation. In Table 2 , the main figure of merits of the SPARC_LAB source for a single-bunch to generate broadband THz radiation and five-ramped comb train to generate a narrowband THz radiation are reported. 
Conclusions
The SPARC_LAB test facility is actually hosting different linac-based radiation sources, e.g., a FEL source, an advanced THz source, a X-ray Thomson source.
In this paper, the recent results of SPARC_LAB terahertz source have been reported. A THz emission can be achieved in different regimes, controlling the bunch shaping, charge filling and bunch separation by properly set the UV photocathode laser and the linac parameters. Two main production schemes are currently investigated, ultrashort single bunch and multi-bunches electron comb beams. These schemes provide high energy per pulse and broad and narrow spectral bandwidth THz radiation, respectively. The SPARC_LAB THz source in its different potentialities is currently used for nonlinear and pump-probe experiments in Solid-State Physics and Material Science.
